Abstract: Due to its adjustable electronic properties and effective excitation of surface plasmons in the infrared and terahertz frequency range, research on graphene has attracted a great deal of attention. Here, we demonstrate that plasmon modes in graphene-coated dielectric nanowire (GNW) waveguides can be excited by a monolayer graphene ribbon. What is more the transverse resonant frequency spectrum of the GNW can be flexibly tuned by adjusting the chemical potential of graphene, and amplitude of the resonance peak varies linearly with the imaginary part of the analyte permittivity. As a consequence, the GNW works as a probe for capturing the molecular spectrum. Broadband sensing of toluene, ethanol and sulfurous anhydride thin layers is demonstrated by calculating the changes in spectral intensity of the propagating mode and the results show that the intensity spectra correspond exactly to the infrared spectra of these molecules. This may open an effective avenue to design sensors for detecting nanometric-size molecules in the terahertz and infrared regimes.
Introduction
Surface plasmon polaritons (SPPs), which are electromagnetic excitations propagating along the interface between a dielectric and a metal [1] , offer a promising solution to control electromagnetic waves at subwavelength scale. These electromagnetic surface waves arise via the coupling of the electromagnetic fields to oscillations of the conductor's electron plasma [2] . Owing to their advantages of novel optical properties, such as selective absorption and scattering of light, subwavelength electromagnetic confinement and local optical field enhancement, SPPs have attracted a great deal of attention and have been widely used in integrated optics, chemosensing, biosensing, etc. [3] [4] [5] [6] [7] [8] [9] . Among the available plasmonic materials, the frequency range of which lies in the visible to near-infrared, noble metals are usually chosen to support SPPs for their relatively low losses [10] . However, in the mid-infrared to terahertz frequency, due to the difficulty in controlling and varying the permittivity functions of noble metals and the existence of material losses, only loosely bound surface waves can be supported by noble metals. Recently, experiments confirmed that doped graphene supports surface plasmons as well [11] . Graphene, a newly two-dimensional material with a thickness of only one atom, is considered a novel plasmonic material for the terahertz to infrared spectral region [12] [13] [14] . Graphene surface plasmons (GSPs) exhibit exceptional electrical tunability, low intrinsic loss, highly confined optical field and other fascinating properties due to the fact graphene has special electronic energy band structures [11, [15] [16] [17] [18] . Various graphene nanostructures were proposed to support GSPs modes. Currently, the design of optical devices using graphene has become a hot 
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By solving Equation (3), we could get the propagation constant β of the m-th order mode and the corresponding EM field. The real part of β relates to the surface plasmons' wavelength λ SPs = 2π/Re(β), and the effective mode index is defined as Re(β)/k 0 . The imaginary part of β relates to the propagation loss of surface plasmons, and propagation length can be defined as 1/2Im(β), which means surface plasmons' mode decays to 1/e of its original power after travelling such a distance. A larger µ 1 (µ 2 ) leads to I m (µ 1 ρ) [K m (µ 2 ρ)] increasing (decreasing) more quickly, which means the field is better confined near the graphene [10] . 
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Simulation and Analysis

Resonance Mode Analysis
The 3D geometrical structure of the GNW waveguide excited by a graphene ribbon is exhibited in Figure 3a . Figure 3b is a schematic cross-section of the structure. The GNW could be regarded as a graphene ribbon rolled around a dielectric nanowire, which can be silicon and GaN. In this paper we choose a dielectric nanowire with a relative permittivity ε 1 = 2.1ε 0 and magnetic conductivity µ 0 . The studied structure is embedded in air. The complex conductivity of the thin layer graphene colored in gray is given by the Kubo formula [35, 36] . In this paper, we choose ambient temperature T = 300 k, chemical potential µ c = 0.5 eV, and the carrier scattering rate Γ = 1.32 meV represents the carrier scattering rate. 
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The 3D geometrical structure of the GNW waveguide excited by a graphene ribbon is exhibited in Figure 3a . Figure 3b is a schematic cross-section of the structure. The GNW could be regarded as a graphene ribbon rolled around a dielectric nanowire, which can be silicon and GaN. In this paper we choose a dielectric nanowire with a relative permittivity ε1 = 2.1ε0 and magnetic conductivity μ0. The studied structure is embedded in air. The complex conductivity of the thin layer graphene colored in gray is given by the Kubo formula [35, 36] . In this paper, we choose ambient temperature T = 300 k, chemical potential μc = 0.5 eV, and the carrier scattering rate Γ = 1.32 meV represents the carrier scattering rate. The transverse resonance characteristics of the GNW are studied based on the commercial finite element method (FEM) software COMSOL Multiphysics. In the simulation, the radius of the dielectric core is set to be R 1 = 190 nm, the thickness of the graphene h = 0.5 nm, while the coupling distance between the graphene ribbon and the outer surface of the GNW is set to be g = 10 nm. The excitation source of unit amplitude, with magnetic vector parallel to the z-axis is set at port1 of the graphene ribbon. A radiation boundary condition is used to truncate the computational domain. The whole space is meshed by triangle grids except for the graphene ribbon and the graphene layer of the GNW, where smooth mapped mesh grids are adopted to ensure the simulation accuracy. The magnetic field distribution in the vicinity of the GNW is shown in Figure 4 . Transverse resonant modes with orders of m = 1, 2, 3, 4, 5, 6, 7, 8 can be observed in the frequency range of 7.13 THz to 49.36 THz. It is seen that the magnetic fields are tightly confined to the surface of the GNW. Therefore, this area will be quite sensitive to the dielectric environment.
In Figure 5 , we plot the resonant spectrum of the GNW in the frequency of 7.0 THz-33.0 THz. It is simulated by frequency sweep. A probe is located at the point that possesses the maximum magnetic field in the resonant state to record the variation of |H z | with frequency. From left to right, the spectral lines correspond to modes 1, 2, 3, 4 and 5. The resonant frequency of the GNW is calculated and compared with the theoretical results, as shown in Table 1 . A good agreement between the eigenfrequency (f e ) and the resonant frequency (f r ) confirms the effectiveness of the GNW. The transverse resonance characteristics of the GNW are studied based on the commercial finite element method (FEM) software COMSOL Multiphysics. In the simulation, the radius of the dielectric core is set to be R1 = 190 nm, the thickness of the graphene h = 0.5 nm, while the coupling distance between the graphene ribbon and the outer surface of the GNW is set to be g = 10 nm. The excitation source of unit amplitude, with magnetic vector parallel to the z-axis is set at port1 of the graphene ribbon. A radiation boundary condition is used to truncate the computational domain. The whole space is meshed by triangle grids except for the graphene ribbon and the graphene layer of the GNW, where smooth mapped mesh grids are adopted to ensure the simulation accuracy. The magnetic field distribution in the vicinity of the GNW is shown in Figure 4 . Transverse resonant modes with orders of m = 1, 2, 3, 4, 5, 6, 7, 8 can be observed in the frequency range of 7.13 THz to 49.36 THz. It is seen that the magnetic fields are tightly confined to the surface of the GNW. Therefore, this area will be quite sensitive to the dielectric environment.
In Figure 5 , we plot the resonant spectrum of the GNW in the frequency of 7.0 THz-33.0 THz. It is simulated by frequency sweep. A probe is located at the point that possesses the maximum magnetic field in the resonant state to record the variation of |Hz| with frequency. From left to right, the spectral lines correspond to modes 1, 2, 3, 4 and 5. The resonant frequency of the GNW is calculated and compared with the theoretical results, as shown in Table 1 . A good agreement between the eigenfrequency (fe) and the resonant frequency (fr) confirms the effectiveness of the GNW. 
The Dependence of the Resonant Spectrum on the Chemical Potential
In order to investigate the tunability of the resonant frequency of the GNW, frequency spectra with respect to the change of the chemical potential of graphene are simulated. The chemical potential in graphene can be controlled with potentially fast speed using a FET structure [11] , where the approximate relationship is μc  (Vg) 1/2 and Vg is the gate voltage [38] . It has been shown that a chemical potential change of 0.1 eV can be obtained with a gate voltage of a few volts [11, 39] , so we applied a varied gate voltage to control the chemical potential of the graphene. We suppose that the chemical potential of graphene varies from 0.5 eV to 0.55 eV with intervals of 0.1 eV, and then we extract the variation of magnetic field amplitude with frequency. Taking modes 3, 4, 5 as an example, the simulation results are shown in Figure 6a 
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Sensing Application
Sensing Characteristics
To explore the sensing properties of the GNW, we suppose that a layer of analyte with thickness (k) of 8 nm is attached to the surface of the graphene, as shown in Figure 7 . Relative permittivity of the attached analyte is denoted as ε2, and the surrounding medium is air. In order to investigate the sensing performance of the GNW, resonant frequency spectra with respect to the change of analyte permittivity were simulated. Firstly, we suppose that the analyte is lossless and the real part of the relative permittivity varies from 1.0 to 1.5 with an interval of 0.1. Taking mode 4 as an example, simulation results are shown in Figure 8a . The inset denotes the magnetic-field (Hz) distribution at the resonant state of mode 4 when the analyte is absorbed to the surface of the GNW. It is seen that the spectra are red shifted with increasing permittivity. The relative frequency shift in response to an increase of 0.1 in analyte permittivity is a significant resonant frequency downshift of 27.4 GHz on average. Then, we investigate the impact of the imaginary part of the analyte on the resonant spectra. For a variation of imaginary part, simulation results of the resonant frequency spectra are depicted in Figure 8b . It is clear the imaginary part of the analyte permittivity mainly influences the amplitude of the spectra. 
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Molecular Sensing
It is known that unambiguous identification of low concentration chemical mixtures can be performed by broadband enhanced infrared absorption (BEIRA) [30] , due to the infrared spectrum of the molecule which acts as a unique fingerprint. In the mid-infrared to terahertz regime, graphene sheet is an ideal carrier of highly confined surface plasmon modes. Besides, from the preceeding analysis we obtained that the resonant frequency of the GNW sensor can be flexibly tuned by adjusting the chemical potential of graphene, and amplitude of the resonance peak varies linearly with the imaginary part of the analyte permittivity, so we predicted that the resonance peak can act as a probe for capturing the molecular spectrum which may be reflected in the change of resonance peak amplitude, as shown in Figure 9 . 
It is known that unambiguous identification of low concentration chemical mixtures can be performed by broadband enhanced infrared absorption (BEIRA) [30] , due to the infrared spectrum of the molecule which acts as a unique fingerprint. In the mid-infrared to terahertz regime, graphene sheet is an ideal carrier of highly confined surface plasmon modes. Besides, from the preceeding analysis we obtained that the resonant frequency of the GNW sensor can be flexibly tuned by adjusting the chemical potential of graphene, and amplitude of the resonance peak varies linearly with the imaginary part of the analyte permittivity, so we predicted that the resonance peak can act as a probe for capturing the molecular spectrum which may be reflected in the change of resonance peak amplitude, as shown in Figure 9 . In what follows, we perform mode analysis to demonstrate the capture of molecular spectrum with the GNW. The absorption spectrum of the analyte used in the simulation is obtained from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) [40] . The intensity of the surface plasmon along the z direction is I = e´z /L . Here, z denotes the length of the GNW which is put along the z axis as shown in Figure 7 . L is the propagation length of the mode, which is defined as L/λ 0 = 1/Im(n eff ). λ 0 is the free space wavelength, n eff is the effective mode index. We set I mol and I 0 to indicate the intensities with and without molecules deposited on the graphene surface.
Taking the liquid ethanol molecule as an example, the normalized intensity spectra (I mol /I 0 ) are illustrated in Figure 10a . It is seen that the variation of the signal directly maps the strong characteristic features of the molecule infrared absorption spectrum shown in the insect of Figure 10a . More importantly, a sample only 2.0 µm long can produce a gigantic 3 dB (50%) drop in intensity with the proposed sensor, which indicates exceptional sensitivity. In what follows, we perform mode analysis to demonstrate the capture of molecular spectrum with the GNW. The absorption spectrum of the analyte used in the simulation is obtained from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) [40] . The intensity of the surface plasmon along the z direction is I = e −z/L . Here, z denotes the length of the GNW which is put along the z axis as shown in Figure 7 . L is the propagation length of the mode, which is defined as L/λ0 = 1/Im(neff). λ0 is the free space wavelength, neff is the effective mode index. We set Imol and I0 to indicate the intensities with and without molecules deposited on the graphene surface. Taking the liquid ethanol molecule as an example, the normalized intensity spectra (Imol/I0) are illustrated in Figure 10a . It is seen that the variation of the signal directly maps the strong characteristic features of the molecule infrared absorption spectrum shown in the insect of Figure 10a . More importantly, a sample only 2.0 μm long can produce a gigantic 3 dB (50%) drop in intensity with the proposed sensor, which indicates exceptional sensitivity.
To achieve such a wide band detection, the surface plasmon modes should have two features, i.e., confinement to the surface of plasmonic materials and existing in an extended frequency band, within which the molecular vibrational modes appear. To demonstrate the tunability features of the SPP mode, liquid toluene molecules of which the characteristic absorption spectrum is localized in the frequency range of 18-24 THz is adopted in the simulation. Similarly, an intensity change which directly maps the fingerprint of the molecule is obtained, as shown in Figure 10b . But since the absorption loss of toluene molecule is smaller than that of ethanol, it needs a 20 μm long sample along the z direction to induced a 3 dB change in mode intensity. Figure 10c shows the simulation results of the gaseous sulfurous anhydride molecule, of which the characteristic absorption spectrum is localized in the frequency of 38-43 THz. As before, a transmission spectrum of the GNW sensor which To achieve such a wide band detection, the surface plasmon modes should have two features, i.e., confinement to the surface of plasmonic materials and existing in an extended frequency band, within which the molecular vibrational modes appear. To demonstrate the tunability features of the SPP mode, liquid toluene molecules of which the characteristic absorption spectrum is localized in the frequency range of 18-24 THz is adopted in the simulation. Similarly, an intensity change which directly maps the fingerprint of the molecule is obtained, as shown in Figure 10b . But since the absorption loss of toluene molecule is smaller than that of ethanol, it needs a 20 µm long sample along the z direction to induced a 3 dB change in mode intensity. Figure 10c shows the simulation results of the gaseous sulfurous anhydride molecule, of which the characteristic absorption spectrum is localized in the frequency of 38-43 THz. As before, a transmission spectrum of the GNW sensor which maps well with the fingerprint of the molecule can also be obtained. Owing to the fact the absorption loss of a gas molecule is less than that of a liquid molecule, the sulfurous anhydride molecule needs a 600 µm long sample along z direction to induced 3 dB change in mode intensity. Taking again ethanol as an example, the variation of intensity spectra with respect to analyte thickness is shown in Figure 10d . It is clear that with the increase of the analyte thickness, the drop in intensity becomes deeper. Last but not least, the sensitivity can be improved considerably by changing the parameters of the GNW sensor, such as the radius, and the permittivity of the dielectric, which means that smaller scale samples can be detected. Therefore, it is possible to identify different chemical substances using the proposed sensor and it may provide an effective way for detecting nanometric-size molecules.
Conclusions
In summary, we demonstrate that plasmon modes of the GNW waveguide can be excited when coupled to a graphene ribbon. The GNW works as a probe for capturing a molecular spectrum. This is due to the factor that the resonant spectra of the GNW sensor can be flexibly tuned by adjusting the chemical potential of graphene, and the peak values of the spectra decrease linearly with the increase of analyte loss. Mode analysis reveals that intensity spectra of the GNW maps well with the absorption spectra of the molecules deposited on the surface of the graphene ring, which further verifies the broadband molecular sensing capabilities.
